Coherent Lattice Vibrations in Carbon Nanotubes 
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We have generated and detected the radial-breathing mode of coherent lattice vibrations in single- 
walled carbon nanotubes using ultrashort laser pulses. Because the band gap is a function of 
diameter, these diameter oscillations cause ultrafast band gap oscillations, modulating interband 
excitonic resonances at the phonon frequencies (3-9 THz). Excitation spectra show a large number 
of pronounced peaks, mapping out chirality distributions in great detail. 



Electrons, phonons, and their mutual interaction de- 
termine most of the properties of crystalline solids Q. 
Optical and electrical properties, in particular, are al- 
most entirely dominated by these two fundamental exci- 
tations and it is the subtle interplay between them that 
gives rise to phenomena such as the Franck- Condon prin- 
ciple and superconductivity. With the advent of ultra- 
fast spectroscopy, one can probe electronic and vibra- 
tional dynamics in real time |2|, l| • Single- walled carbon 
nanotubes (SWNTs), with their uniquely-simple crystal 
structures and chirality-dependent electronic and vibra- 
tional states, provide a one-dimensional playground for 
studying the dynamics and interactions of electrons and 
phonons. Recent CW optical studies of SWNTs 0, H 
11 0, HE3, El EI El El El have produced a world 
of intriguing phenomena, including phonon-assisted pho- 
toluminescence, strongly bound excitons, and chirality- 
dependent resonant Raman scattering (RRS) - results 
of interaction between excited electronic/excitonic states 
and phonons El El El El El EH . 

Here we show a real-time observation of lattice vibra- 
tions in SWNTs. Using pump-probe spectroscopy we 
observed coherent phonons (CPs) in individual SWNTs, 
corresponding to the radial breathing mode (RBM). The 
observed RBMs were found to correspond exactly to 
those seen by CW RRS for the same sample but with nar- 
rower phonon linewidths, no photoluminescence signal or 
Rayleigh scattering background to obscure features, and 
excellent resolution allowing normally blended peaks to 
appear as distinct features. Additionally, differences in 
the RBM intensity of families of SWNTs were observed 
between CP and RRS. Finally, when viewing the excita- 
tion profiles of several RBMs, we found a two-peak res- 
onance, which we attribute to this technique acting as a 
modulation spectroscopy; i.e., we are observing the first 
derivative of the interband excitonic absorption peak. 

The sample used in this study was a micelle-suspended 
SWNT solution with a diameter range of 0.7-1.3 nm. 
The SWNTs were individually suspended with sodium 



dodecyl sulfate in D2O Q in a quartz cell with an op- 
tical path length of 1 mm. We performed degenerate 
pump-probe measurements at room temperature using 
~50 fs pulses at a repetition rate of 89 MHz from a mode- 
locked Ti: Sapphire laser with an average pump power 
~20 mW. We tuned the center wavelength in 5-nm steps 
from 710 nm to 860 nm (1.75-1.43 eV) by controlling the 
slit between the intracavity prism pair in the Ti: Sapphire 
laser. In the CW RRS experiments on the same sam- 
ple, the excitation source was a Ti: Sapphire laser with 
a power of 15 mW at the sample. Signal collection was 
done using a triple monochromator and CCD camera. 

Figure 1(a) shows coherent phonon oscillations in 
SWNTs excited at different pump photon energies. The 
amplitude of oscillations in terms of normalized differen- 
tial transmission was ~10 -4 near zero delay. Each trace 
consists of a superposition of multiple oscillation modes 
with different frequencies, exhibiting a strong beating 
pattern. The beating pattern sensitively changes with 
the photon energy, implying that the CP oscillations are 
dominated by RBMs which are resonantly enhanced by 
pulses commensurate with their unique electronic transi- 
tions, as is the case in CW Raman scattering. The de- 
phasing time of the dominant CP oscillations was ~5 ps. 

To determine the frequencies of the excited lattice 
vibrations, we took a fast Fourier transform (FFT) 
of the time-domain oscillations to produce CP spectra 
[Fig. 1(b)]. For comparison, we show CW RRS spec- 
tra [Fig. 1(c)] for the same sample. The CP spectra 
[Fig. 1(b)] are seen to cluster into three distinct re- 
gions, similar to CW RRS pj, as shown in Fig. 1(c). 
The main peak positions coincide between Fig. 1(b) and 
Fig. 1(c), indicating that the oscillations seen in Fig. 1(a) 
are indeed due to the RBM of coherent lattice vibra- 
tions. However, upon close examination, we find a few 
noticeable differences between the CP data and CW RRS 
data: i) unresolved shoulder features in RRS are seen 
as resolved peaks in the CP spectra due to narrower 
linewidths, ii) there are different intensity distributions 
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FIG. 1: (a) Coherent phonon oscillations excited and mea- 
sured at five different photon energies, (b) A 3D plot of 
the Fast Fourier Transform of coherent phonon oscillations 
obtained over a photon energy range of 710-850 nm (1.746- 
1.459 eV) with a 5-nm step size, (c) A 3D plot of reso- 
nance Raman scattering over an excitation energy range of 
710-850 nm (1.746-1.459 eV) with a 5-nm step size. 
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FIG. 2: Phonon spectra using three different photon energies 
obtained from resonant Raman scattering (RRS) and coherent 
phonon (CP) measurement. Coherent phonon data exhibits 
dramatically narrower linewidths. 



among the strongest peaks in the three distinct regions, 
and iii) the CP spectra show a surprising double-peak 
dependence on the photon energy. These differences are 
discussed in more depth in the following. 

Figures 2(a)-2(c) present direct comparison between 
CP spectra and CW RRS spectra. Here, the CP spectra 
obtained with different wavelengths are overlaid on the 
equivalent RRS spectra taken at the same wavelengths 
of 710 nm (1.746 eV), 765 nm (1.621 eV), and 830 nm 
(1.494 eV), respectively. There is overall agreement be- 
tween the two spectra in each figure. However, it is clear 
that many more features are resolved in the CP data. 
The narrower linewidths in the CP data make it possi- 
ble to resolve blended peaks in the RRS data. With less 
overlap among the close-by peaks, more precise determi- 
nation of line positions is possible. Through peak fitting 
using Lorentzians, we have identified and successfully as- 
signed 18 RBMs in the CP spectra over the 1.44-1.75 eV 
(710-860 nm) photon energy range. 
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FIG. 3: (a) Raman intensity and (b) coherent phonon signal 
as a function of excitation energy and 100/o;rbm , where cjrbm 
is the phonon frequency. Red (blue) circles denote nanotubes 
that satisfy (n—m) mod 3 = —1 (+1). The black lines connect 
members of the same (2n+ra) family. The diameter of the 
circles is proportional to measured intensities |2q|. The blue 
stars in (b) indicate chiralities with large uncertainty in their 
determined excitonic energies and coherent phonon signal. 



The measured average linewidth of RBMs of semicon- 
ducting nanotubes obtained from CP measurements is 
approximately 3 cm -1 . Those measured in this study for 
HiPco material using CW RRS and in other high reso- 
lution CW RRS experiments 22] for the outer walls of 
double- walled carbon nanotubes, individual SWNTs on 
substrates, and individual SWNTs dispersed in solution 
were approximately 5-6 cm -1 . This observation is consis- 
tent with results of previous studies on coherent phonons 
in semiconductors [23, UM an d clearly indicates that the 
two techniques are sensitive to different dynamical quan- 
tities. CP data contains information on how impulsively- 
generated transient coherent phonons decay. Once the 
coherent phonons are generated, their decay processes 
are most likely to be through disappearance into lower- 
frequency phonon modes by anharmonicity 0, EH? in- 
dependent of any electronic states or processes. Raman 
linewidths are affected by the electronic states involved 
as well as electron-phonon interactions. This makes CP 
an ideal method for phonon spectroscopy with precise 
determination of both frequencies and decay times. 



Figure 3 summarizes the observed various RBMs 
both for CW Raman scattering [Fig. 3(a)] and coherent 
phonons [Fig. 3(b)] [26|. The dependence of CP signal 
strength as a function of photon energy and phonon fre- 
quency exhibits several of the same trends both predicted 
theoretically E3, EH EH EH E3 an d measured experi- 
mentally 0, E3 by CW Raman scattering intensity as 
a function of excitation energy and Raman shift. First, 
when exciting the second excitonic transition for an in- 
dividual semiconducting SWNT, £^22, (n—m) mod 3 = 
— 1 nanotubes have markedly stronger signal than (n—m) 
mod 3 = +1 nanotubes. Second, within a (2n+m) nan- 
otube family, signal strength increases from nanotubes 
with large chiral angles (near- 'armchair') to nanotubes 
with small or 0° chiral angle ('zigzag'). However, the 
two techniques diverge in similarity when comparing the 
overall strength in signal. Namely, in Raman scattering, 
signal strength decreases as (2n+m) = constant increases 
whereas CP signal increases with increasing (2n+m) = 
constant. We currently have no theoretical model to ex- 
plain this striking difference between CP measurements 
and RRS, and it is thus open for further studies. 

Finally, we discuss how the generation of CPs of RBMs 
modifies the electronic structure of SWNTs and how it 
can be detected as temporal oscillations in the transmit- 
tance of the probe beam. The RBM is an isotropic vi- 
bration of the nanotube lattice in the radial direction, 
i.e., the diameter (d t ) periodically oscillates at frequency 
wrbm- This causes the band gap E g to also oscillate at 
cjrbm [see Fig. 4(a)] because E g directly depends on the 
nanotube diameter (roughly E g oc l/d t ). As a result, 
interband transition energies oscillate in time, leading 
to ultrafast modulations of optical constants at cjrbm, 
which naturally explains the oscillations in probe trans- 
mittance. Furthermore, these modulations imply that 
the absorption coefficient at a fixed probe photon energy 
is modulated at cjrbm- Correspondingly, the photon en- 
ergy dependence of the CP signal shows a derivative- 
like behavior, a la modulation spectroscopy 27] [see 
Figs. 4(b) and 4(c)]. We modeled this behavior as- 
suming that the CP signal intensity is proportional to 
the absolute value of the convoluted integral of the first 
derivative of a Lorentzian absorption line and a Gaussian 
probe beam profile. The results, shown as solid lines in 
Figs. 4(b) and 4(c), successfully reproduce the observed 
double peaks, whose energy separation changes with the 
bandwidth of the probe. The symmetric double-peak fea- 
ture confirms the excitonic nature of the absorption line, 
in contrast to the asymmetric shape expected from the 
1-D van Hove singularity. 

In addition to revealing a novel optical process, in- 
volving both 1-D excitons and phonons simultaneously, 
this study opens up a number of new possibilities to 
study SWNTs. In particular, it has many advantages 
over conventional CW characterization methods, includ- 
ing i) easy tuning of the center wavelength of the pump 
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FIG. 4: (a) Time- dependent band gap due to the radial- 
breathing mode of coherent lattice oscillations, (b) and (c): 
The photon energy dependence of the coherent phonon signal 
intensity (both contour and 2D plots) for the (12,1) tube with 
a probe bandwidth of (b) 25 nm and (c) 35 nm together with 
theoretical curves (blue sold lines). 

pulse, ii) simultaneous excitation of multiple vibrational 
modes due to the broad spectrum of the exciting pulse, 

iii) no Rayleigh scattering background at low frequency, 

iv) no photoluminescence signal, and v) direct measure- 
ment of vibrational dynamics including its phase infor- 
mation and dephasing times. The excitonic nature of 
interband optical excitation manifests itself in the de- 
tection process for the CP oscillations by the coupling 
with the broad spectrum of probe pulses. Furthermore, 
the expansion of the spectrum of femtosecond pulses into 
deep mid-infrared and visible ranges will allow us to ex- 
plore large-diameter carbon nanotubes and metallic car- 



bon nanotubes. Finally, the ability of CP measurements 
to trace the first derivative of the excitonic absorption 
peaks of specific chirality (n,m) will allow in-depth study 
of the lineshape of these resonances. 
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